Genome haploidization during meiosis depends on recognition and association of parental homologous chromosomes. The C. elegans SUN/KASH domain proteins Matefin/SUN-1 and ZYG-12 have a conserved role in this process. They bridge the nuclear envelope, connecting the cytoplasm and the nucleoplasm to transmit forces that allow chromosome movement and homolog pairing and prevent nonhomologous synapsis. Here, we show that Matefin/ SUN-1 forms rapidly moving aggregates at putative chromosomal attachment sites in the meiotic transition zone (TZ). We analyzed requirements for aggregate formation and identified multiple phosphotarget residues in the nucleoplasmic domain of Matefin/ SUN-1. These CHK-2 dependent phosphorylations occur in leptotene/zygotene, diminish during pachytene and are involved in pairing. Mimicking phosphorylation causes an extended TZ and univalents at diakinesis. Our data suggest that the properties of the nuclear envelope are altered during the time window when homologs are sorted and Matefin/ SUN-1 aggregates form, thereby controling the movement, homologous pairing and interhomolog recombination of chromosomes.
INTRODUCTION
Homologous chromosomes are segregated to opposite cell poles at the first meiotic division to accomplish genome haploidization. To assure their proper alignment on the metaphase spindle, homologs have to identify each other to allow the generation of a physical connection between them. How homolog recognition and correct pairing is established is a question under intense investigation (for review, see Petronczki et al., 2003; Pawlowski and Cande, 2005; ).
Integral nuclear envelope (NE) proteins play a conserved role in homolog pairing in eukaryotes (for review, see Fridkin et al., 2009; Alsheimer, 2009; Starr, 2009 ). Inner and outer nuclear membrane proteins (SUN/KASH proteins) bridge the NE by the interaction of their conserved C-terminal domains within the perinuclear space. While the N terminus of the SUN domain protein faces the nucleoplasm, the N terminus of the KASH domain protein protrudes into the cytoplasm, thus allowing the connection of nuclear components to cytoplasmic structures, such as the cytoskeleton (Tzur et al., 2006) .
Chromosome ends attachment to the NE is dependent on SUN domain-bearing inner NE proteins as shown for yeast and mammals. SUN domain proteins aggregate at the site of telomere attachment to the NE, and their absence causes a randomized localization of telomeres within the nucleus (Conrad et al., 2007 (Conrad et al., , 2008 Chikashige et al., 2006; Ding et al., 2007) . In rodents, SUN domain proteins are engaged in the formation of attachment plaques, electron-dense plates observed at the site where conically thickened chromosome ends attach to the nucleoplasmic side of the NE (Schmitt et al., 2007) . At these sites, the nuclear membrane is spanned by fibrils that are connected to cytoplasmic structures (Alsheimer, 2009; Scherthan, 2007) .
During meiotic prophase I, chromosomes display pronounced movements. In S. cerevisiae, the motility of chromosome ends during prophase I is driven by actin-based motors, whereas in S. pombe, tubulin motors likely drive chromosome ends into the bouquet and the chromosomes in a horsetail configuration (Trelles-Sticken et al., 2005; Scherthan et al., 2007; Koszul et al., 2008; Ding et al., 1998; Yamamoto et al., 1999; Chikashige et al., 2006) . In yeast and mammals, chromosomes also transiently adopt a polarized configuration termed the ''chromosomal bouquet.'' The timing of telomere clustering coincides with chromosome pairing, synapsis, and recombination (for review, see Scherthan, 2007; Harper et al., 2004) . Interference with SUN domain proteins or their interactors abrogates bouquet formation (Conrad et al., 2007; Ding et al., 2007; Chikashige et al., 2006; Tang et al., 2006) .
Once homologs have paired, a proteinaceous structure, the synaptonemal complex (SC), assembles between them. Stable, close juxtaposition of homologs is a prerequisite for the repair of deliberately induced DNA double-strand breaks (DSBs) to generate crossovers by homologous recombination. In budding yeast, the timely repair of meiotic DSBs depends on chromosome movement during very early steps in meiotic recombination. This movement supports the removal of nonspecific chromosomal interactions and entanglements, thus ensuring homolog juxtaposition along the entire length of the chromosome. Additionally, these chromosome movements promote later steps during recombination, possibly by affecting chromatin structure Conrad et al., 2008; Kosaka et al., 2008; Wanat et al., 2008) .
The C. elegans inner NE protein Matefin/SUN-1 is expressed in the germline in adult hermaphrodites and in embryos (Fridkin et al., 2004) . A missense mutation within the conserved SUN domain strongly reduces the retention of the KASH protein ZYG-12 at the outer membrane of the NE and completely abrogates homolog alignment. Instead, nonhomologous synapsis is prematurely established (Penkner et al., 2007) .
In C. elegans, only the pairing center (PC)-carrying chromosome end attaches to the NE upon entry into meiosis (Goldstein and Slaton, 1982; Phillips et al., 2005; Phillips and Dernburg, 2006) . The PC or homolog recognition region (HRR) comprises a cis-acting chromosomal region responsible for the pairing and synapsis of homologs (MacQueen et al., 2005) . PC regions have to interact with one of four zinc-finger proteins termed ZIM-1, ZIM-2, ZIM-3, and HIM-8 Phillips and Dernburg, 2006) and are sufficient to mediate pairing and synapsis when ectopically inserted into a different chromosome ). Independent of recombination, the PCs establish the first contacts between homologous chromosomes in the transition zone (TZ) corresponding to the leptotene/ zygotene stage in C. elegans (MacQueen et al., 2005; Phillips et al., 2005; Phillips and Dernburg, 2006; Dernburg et al., 1998) . Clustering of chromosomes within a subvolume of the nucleus strongly correlates with an ongoing homology search (Couteau et al., 2004; MacQueen and Villeneuve, 2001) . In pachytene, when chromosomes are synapsed, chromosomes disperse and adopt a homogeneous arrangement at the nuclear periphery. At this stage DSBs are repaired by homologous recombination.
Here, we describe a dramatic change in properties of the NE protein Matefin/SUN-1, especially during the time window of ongoing homologous pairing and chromosome movement. Matefin/SUN-1 forms dynamic local aggregates at the site of the chromosome end attachment to the NE. Chromosome end movement in the TZ requires a functional SUN domain. An intact SUN domain correlates with size changes of Matefin/SUN-1 aggregates and chromatin clustering and is essential for homologous pairing. At the same time, the nuclear N terminus of Matefin/SUN-1 is phosphorylated at multiple serines and the presence of the modification correlates with the presence of polarized chromatin. Phosphorylations of Matefin/SUN-1 impact faithful bivalent formation and suggest a connection to the regulation of Matefin/SUN-1 aggregate formation/resolution. Furthermore, we have examined triggers and factors responsible for Matefin/SUN-1 phosphorylation during leptotene/ zygotene.
RESULTS

Matefin/SUN-1 Redistributes during the Time Window of Homologous Pairing
A C-terminally GFP-tagged Matefin/SUN-1 transgene was generated to allow high-resolution cytological analysis and biochemical purification. The transgene is fully functional as it rescues the highly reduced brood size and the embryonic lethality of mtf-1/sun-1(ok1282) knockout worms (Table S1 available online). The expression and localization patterns of SUN-1:: GFP fully overlap with those of the endogenous protein (Figure 1B and data not shown; hereafter, we refer to Matefin/ SUN-1 as SUN-1). SUN-1::GFP localizes to the NE of germline nuclei in hermaphrodites ( Figure 1A ) (Fridkin et al., 2004; Penkner et al., 2007) and males (data not shown). SUN-1 colocalizes with ZYG-12ABC::GFP in mitosis (Malone et al., 2003) (data not shown) and during meiotic prophase I ( Figure 1B ). This and the fact that we could coprecipitate both proteins ( Figure 1E ) support the assumption that SUN-1 and ZYG-12 interact in vivo. Furthermore, the western blot demonstrates that SUN-1 forms dimers/multimers in vivo.
The progressive developmental stages of meiotic prophase I can be found in a spatial gradient from distal to proximal in the C. elegans gonad. Mitotic precursor cells display a uniform rim-like GFP signal enclosing the chromatin and highlighting the centrosome as evidenced by the colocalization with the centrosomal marker SPD-5 (Hamill et al., 2002) (Figures 1A and 1D ). Once germline nuclei enter the TZ, SUN-1 redistributes and forms aggregates of variable size and number (see also Sato et al., 2009) . In contrast to mitosis, SUN-1 aggregates in the TZ do not mark the centrosome ( Figure 1D ) (Penkner et al., 2007) .
In addition to the local enrichment of SUN-1::GFP, a weak protein signal is detectable along the remaining NE. The majority of aggregates are observed in the TZ. SUN-1 aggregates disassemble concomitantly with the redispersal of chromosomes in mid-prophase ( Figure 1A ). In nuclei in later prophase I, SUN-1:: GFP distributes uniformly. We conclude that SUN-1/ZYG-12 protein complexes undergo extensive reorganization within the nuclear periphery during prophase I.
The localization pattern of SUN-1 and ZYG-12::GFP in the TZ is reminiscent of the distribution of all four PC-binding proteins (Phillips and Dernburg, 2006) . In the TZ, the signal of the PCproteins HIM-8 (X chromosome) and ZIM-3 (chromosomes I and IV) overlaps with SUN-1 aggregates ( Figure 1C , ii and iv), demonstrating that PC-containing chromosome ends localize to the nuclear periphery at the sites of SUN-1 aggregation. SUN-1 aggregates likely represent an equivalent to chromosomal attachment plaques to the NE.
The Formation of SUN-1 Aggregates Requires Establishment of Chromosome Axes, CHK-2 Kinase Activity, and Chromosome Movement We next analyzed genes that are likely to play a role in the establishment and/or kinetics of SUN-1 aggregates. SUN-1::GFP and HIM-8 were coimmunostained in various mutant gonads subdivided into six zones of equal length. We counted the number and size of aggregates per nucleus for each zone and analyzed their colocalization with HIM-8 (Figures 2A and S1 ). Spherical SUN-1::GFP aggregates with a diameter <1.1 mm were classified as foci (yellow arrow in Figure 2B ). Aggregates elongated in one dimension (R1.1 mm) were termed patches (yellow arrowhead in Figure 2B ).
In hermaphrodite gonads expressing the transgenic SUN-1:: GFP and lacking endogenous SUN-1 (referred to as wild-type), zones 2 to 4, including the TZ and early pachytene, showed both foci and patches ( Figure 2A ). Maximum aggregate formation was observed in zone 3, with 75% of nuclei displaying mostly two to three and up to four patches. In zone 3, in addition to patches, 30% of the nuclei formed foci, usually one to two. In contrast to the zone 2, where almost all nuclei displayed both foci and patches, more than half of the nuclei with aggregates did not form foci (Figure 2A ). Combined, zones 2 and 3 (the TZ) nuclei had an average of 1.9 patches (n = 137, SD = 1.3) and 1.0 focus (SD = 1.4) ( Table S2) .
While most patches disassembled within zone 4 (early pachytene), the patch colocalizing with HIM-8 remained into zone 5 (mid-pachytene) (Figure S1 ), suggesting that X chromosome aggregates persist longer than autosomal ones.
SYP-2 comprises a central element component of the SC. Besides a defect in the assembly of the SC, syp-2(ok307) is defective in the timely redistribution of chromatin, as seen by a prolongation of the TZ (Colaiá covo et al., 2003) . In syp-2(ok307), SUN-1 aggregates extend into zone 5. Foci are even present until late pachytene (zone 6). Maximum patch formation is observed from zones 2-4. While patch formation is slightly reduced as compared to that of the wild-type (an average of 1.4 patches is seen in zones 2 and 3 [SD = 0.9, n = 122]), SUN-1 foci are significantly more abundant in syp-2(ok307) (x = 3.4, SD = 2.2 in zones 2 and 3; Student's t test, p = 6.33E-22) (Table S2) . Foci are already seen upon entry into meiosis (zone 1) and reach a maximum in zone 4, concomitant with the start of disassembly of patches. Interestingly, while wild-type nuclei always display foci in addition to patches, syp-2 nuclei in zones 2-4 can display foci without having patches.
him-3(gk149) lacks the chromosome axis component HIM-3, which is essential for homologous pairing, synapsis, and spatial chromatin rearrangement (Couteau et al., 2004) . In him-3, SUN-1 foci form, but no more than one patch was observed in zone 2. The reduced patch formation is reflected by an average of 0.5 patches in zones 2 and 3 (n = 129, SD = 0.5; Student's t test, p = 3.14E-24), while an average of 1.8 foci (SD = 1.4) documents an increase in focus formation (Student's t test; p = 2.89E-06) (Table S2) . SUN-1 foci are present from zone 2 until zone 5, with the maximum number of nuclei displaying foci in zone 3 (90%). These data demonstrate that HIM-3 is required for efficient aggregate formation.
The serine/threonine kinase mutant chk-2(me64) lacks a TZ. It is deficient in homologous alignment and DSB formation (MacQueen and Villeneuve, 2001 ). SUN-1 aggregates were not observed in chk-2(me64).
A point mutation within the SUN domain of SUN-1 (mtf-1/sun-1(jf18)) causes reduced ZYG-12 retention at the NE and a failure in homolog alignment and chromatin polarization (Penkner et al., 2007) . A GFP transgene engineered with this mutation, SUN-1 (G311V)::GFP, does not form patches. Instead, numerous foci (x = 9.6 ± 1.6 aggregates; ranging from 7 to 12 foci; n = 17 nuclei) are present in early meiotic nuclei ( Figure 2B ) that colocalize with PC-binding proteins such as HIM-8 and ZIM-3 ( Figure 2B and data not shown). They mark sites of chromosome end attachment to the NE. Time-lapse microscopy of SUN-1::GFP aggregates showed displacement tracks distributed over a subarea of the NE covering the underlying polarized chromatin. In striking contrast, SUN-1(G311V)::GFP aggregates were only mildly shifted, suggesting that chromosome ends barely moved (Figure 2C and Movies S1-S3; detailed analysis of chromosome movement will be published elsewhere).
Taken together, our data demonstrate a correlation between chromatin polarization and SUN-1 aggregate formation. Patches were only observed at the NE of nuclei with clustered chromatin, consistent with the observations that they require CHK-2 activity and that they disassemble concomitantly with chromatin rearrangement in pachytene. The data also suggest that chromosome ends are moved in the TZ by a mechanism that requires a functional SUN domain of SUN-1. Chromosome clustering is a consequence of the movement of chromosome ends and not a consequence of relocating the nucleolus.
In both wild-type and mutant situations, unpaired HIM-8 foci overlapped with SUN-1 foci. We therefore hypothesize that these foci mark the NE attachment sites of single chromosome ends. Consistently, patches correspond to areas where multiple chromosome ends meet. Patches are not formed in the absence of chromosome end movement.
The N Terminus of SUN-1 Is Modified in Leptotene/Zygotene Antibodies recognizing an N-terminal peptide of SUN-1 (Fridkin et al., 2004) disclosed an unexpected staining pattern in wildtype hermaphrodite gonads (compare SUN-1 levels in Figures  3A and 3B ). While germline nuclei in the mitotic zone and later prophase I showed a clear reactivity with these antibodies, the signal intensity was strikingly weaker in nuclei in leptotene/zygotene (TZ). Asynchronous, interspersed nuclei, which display a uniform distribution of chromatin, also exhibit enhanced SUN-1 signals compared to nuclei that surround the TZ ( Figure 3B , red stars).
The reduced staining of the nuclear periphery could be correlated with polarization of the chromatin characteristic for TZ nuclei, over a prolonged zone like in syp-2(ok307), conversely reduced to a few nuclei [him-3(gk149)] or was completely absent [chk-2(me64)], ( Figure 3C ). We hypothesized that the N-terminal epitope/s recognized by the antibodies is/are transiently and reversibly masked during the time of homolog pairing.
The N Terminus of SUN-1 Is Phosphorylated at Multiple Serines To determine potential posttranslational modifications of SUN-1, we performed mass spectrometry analysis on immunoprecipitated SUN-1::GFP from strains producing embryos or devoid of embryos. Multiple phosphorylated residues in SUN-1's N terminus were identified (protein coverage of 90%; Figures  4B and S2 ) No differential phosphorylation sites could be uncovered from extracts devoid of embryos ( Figure S3 ). In total, six phosphorylated serines (Ser8, Ser12, Ser24, Ser43, Ser58, and Ser62) and one phosphorylated serine or threonine (Ser35 or Thr36) showed reproducible mass spectrometry results (Figure 4B) . Difficulties arose from the discrimination between putative phosphorylations of Ser12 or Ser16. Ser12, however, is considered to be the most probable candidate for a phosphorylation site (see below and Figures S2 and S3). Moreover, Ser35 and Thr36 are equally likely to be phosphorylated.
Antibodies directed against the phosphoepitope of Ser8 (S8-Pi) were raised and their specificity verified [dot blot experiments and lack of immunofluoresence of the SUN-1(S8A)::GFP line, data not shown]. In the mitotic zone, S8-Pi antibodies stained the NE and centrosomes. The rim-like staining at the nuclear periphery was observed from prometaphase onward, concomitant with the beginning of chromatin condensation ( Figure 4C ). Interestingly, the phosphorylation signal became stronger as the nuclei proceeded through mitosis. A strong signal was also detected in diakinesis nuclei.
In meiosis, staining of S8-Pi was first detected in the TZ, highlighting SUN-1 protein localized in foci and patches, as well as over the rest of the NE ( Figure 4C ). S8-Pi was most prevalent until early pachytene, when the aggregates disappeared. The signal became continuously weaker and eventually disappeared in later pachytene. Prolonged S8-Pi staining was observed in syp-2(ok307), which develops an extended TZ. The peak of staining was seen in nuclei with clustered chromatin (Figure S4A) . SUN-1 Ser12 and Ser24 exhibit a comparable phosphorylation pattern in wild-type and syp-2(ok307) hermaphrodite gonads. Centrosomal SUN-1 is detectable in mitosis, and the antibodies highlight the SUN-1 population located in aggregates during early meiosis ( Figures S4B and S4C) .
The phosphorylations of SUN-1 during the time window of ongoing homology search, when chromatin is polarized and SUN-1::GFP aggregates are formed, and the dephosphorylations concomitant with the redistribution of paired chromosomes support a potential role for SUN-1 phosphorylation in homologous pairing.
The CHK-2 Kinase Is Required for SUN-1 Phosphorylation in Meiosis We analyzed the regulation of Matefin Ser8, Ser12, and Ser24 phosphorylation. Early meiotic chk-2(me64) nuclei showed no S8-Pi, S12-Pi, and S24-Pi staining above background level, whereas mitotic NE or centrosome staining remained as in wild-type nuclei ( Figures 4D, S4B, and S4C ). These results suggest that CHK-2 is required for the early meiotic phosphorylation of Ser8, Ser12, and Ser24, but not for phosphorylation in mitosis or diakinesis.
Activation of CHK-2, however, is not or not solely dependent on the ATM/ATR orthologs of C. elegans (Chen and Poon, 2008; Perona et al., 2008; Stergiou et al., 2007; Garcia-Muse and Boulton, 2005) , since atm-1(gk186), atl-1(tm853), or double atm-1(gk186);atl-1(tm853) mutants did not display a reduction in S8-Pi staining ( Figure 4F and data not shown).
Since chk-2(me64) is defective in both homologous chromosome alignment and DSBs formation, we investigated htp-1 (gk174) ( Figure 4G ) and him-3(gk149) (data not shown), both defective in homologous alignment (Couteau and Zetka, 2005; Martinez-Perez and Villeneuve, 2005; Couteau et al., 2004) , to determine which process affects Ser8 phosphorylation. We also analyzed S8-Pi staining in spo-11(me44) ( Figure 4E ) and mre-11(ok179) (data not shown), which are deficient in DSB initiation but competent for homologous pairing (Dernburg et al., 1998; Chin and Villeneuve, 2001) . In all mutant backgrounds, SUN-1 was phosphorylated at Ser8 (Figure 4 and data not shown), demonstrating that the absence of DSBs or defective homologous alignment alone do not interfere with the phosphorylation of Ser8. However, in 46.2% (n = 13 gonads) of mre-11(ok179);him-3(gk149) double-mutant gonads the meiotic phosphorylation of Ser8 was undetectable ( Figure 4H ). These data suggest that elimination of both DSB initiation and an intact chromosomal axis prevents CHK-2 from influencing SUN-1 phosphorylation.
DNA Damage Induces the Phosphorylation of SUN-1 at Ser8 him-19 is an early meiotic regulator necessary for homologous pairing, chromatin clustering, synapsis, and recombination. The phenotype only becomes cytologically apparent in 2-dayold hermaphrodites (L. Tang and V.J., unpublished data). Twoday-old adult him-19(jf6) animals are most probably defective in the initiation of DSBs, as judged by the absence of repair intermediates marked by RAD-51. Importantly, gamma radiationinduced DSBs restored the clustering of chromosomes in him-19(jf6) nuclei proximal to the mitotic zone.
In accordance with a pairing defect and an absent TZ, SUN-1 aggregates could barely be detected in aged him-19(jf6) hermaphrodites ( Figure 5A , left panel, and Figure S5 ). Because chromosome clustering could be induced by gamma radiation, we assayed whether polarization coincides with the restoration of SUN-1 aggregates. After irradiation, meiotic nuclei in the TZ region adopted the polarized chromatin configuration with SUN-1 patches and foci ( Figure 5A, right panel) . These displayed dynamic movement along the nuclear surface (A.B. and V.J., unpublished data) and appeared to be colocalized with reloaded ZIM proteins, as revealed by ZIM-3 immunolocalization ( Figure 5A , inset).
Consistent with the severe defect in chromatin polarization, phosphorylation of SUN-1 at Ser8 was rarely detected in unirradiated aged him-19(jf6) hermaphrodite gonads ( Figure 5B, left panel) . The phospho-specific immunostaining of SUN-1 was restored in irradiated him-19(jf6) nuclei progressing through early meiotic prophase I, but not in gammairradiated chk-2(me64) hermaphrodites ( Figure 5B , right panel and lower panel). We conclude that induction of artificial DSBs in the him-19(jf6) background restores the characteristics of TZ nuclei, including chromatin reorganization and phosphorylation of the SUN-1 N terminus, probably by activation of the CHK-2 kinase.
Mutation of SUN-1 Phospho-Sites Elicits Meiotic Defects
We substituted each of the phosphoserines either for alanine (nonphosphorylatable) or for glutamic acid (to mimic constitutively phosphorylated SUN-1). Only a subset of the substitutions could be recovered as viable transgenic lines, possibly because of disruption of other essential functions of SUN-1 (Fridkin et al., 2004) .
Animals expressing SUN-1(S12E)::GFP with no endogenous SUN-1 (referred to as S12E) displayed a reduced brood size, embryonic lethality, and a Him phenotype (Table S1 ). SUN-1(S12E)::GFP hermaphrodites display a lack of chiasmata, with an average of 8.6 DAPI-positive structures at diakinesis, ranging from six to 12 (n = 54; Figure 6A , ii and iii) compared to six in the wild-type (n = 57). SUN-1(S12E)::GFP-expressing hermaphrodites display an extended TZ with tightly clustered chromatin ( Figure 6A ). Accordingly, SUN-1(S12E) aggregates are detected at the NE and colocalize with PC-binding proteins such as HIM-8 and ZIM-3 in the elongated TZ ( Figures 6A and 6B ). Those ''artificial'' aggregates are movement competent, as shown in Movies S4 and S5.
Defects in the timely exit from the TZ are characteristic of mutants affecting the assembly of the SC (MacQueen et al., 2002 , Colaiá covo et al., 2003 Smolikov et al., 2007a) . In SUN-1 (S12E), SYP-1 was loaded normally and elongated into linear structures ( Figure 6D ). Almost full-pairing levels were reached for chromosomes X and V, (Figures 6A, 6C , and S6A). Interestingly, in late S12E pachytene nuclei (zone 6), the percentage of paired homologs decreased, indicating that the pairing is not completely stabilized ( Figure S6A ). Therefore, a pairing defect is not the primary reason for the decrease in bivalent formation.
Extending the zone of polarized chromatin can be the consequence of a defect in the timely repair of DSBs and can be suppressed by the absence of SPO-11 (Carlton et al., 2006) . In order to monitor recombination, we visualized the repair protein RAD-51 (Alpi et al., 2003; Colaiá covo et al., 2003) . In SUN-1:: GFP-expressing worms, RAD-51 is detected from the late TZ to mid-pachytene. In contrast, in SUN-1(S12E), RAD-51 foci are present from the mid-TZ until diplotene and in greater numbers ( Figures 6F and S6B) . Persistence of RAD-51 into late pachytene and its subsequent disappearance in diplotene, combined with the failure to observe chiasmata on all chromosomes, is indicative of DSB repair from the sister chromatid. This conclusion is supported by the fact that ZHP-3, whose asymmetric disassembly at the end of pachytene is dependent on crossover establishment (Figure 6E, i) , did not disappear as in the wild-type but rather remained in SUN-1 (S12E)::GFP-expressing animals as elongated structures decorating the whole chromosome in late pachytene and in diplotene ( Figure 6E, ii) .
As the tight chromatin clustering of SUN-1(S12E)::GFP transgenic worms is still observed in the spo-11(me44) background ( Figure S6C ), we conclude that the dephosphorylation of SUN-1 S12 directly regulates the timely redispersal of chromosomes upon exit from the TZ. Moreover, we suggest that the timely exit from the TZ regulates proper DNA repair to generate crossovers.
Worms expressing SUN-1(S62E)::GFP with no endogenous SUN-1 displayed a prolonged early pachytene zone characterized by the relaxed clustering of chromatin (Carlton et al., 2006) (Figure S6D ). The brood size and embryonic viability was reduced accompanied by an increase in DAPI-positive structures at diakinesis (x = 6.9, n = 38 diakinesis) and a Him phenotype (Table S1 ). The S62E line reproduces the extended clustering phenotype seen with S12E, therefore strongly supporting the specificity of this phenotype.
We also analyzed the single-alanine substitution of Ser8. These lines showed reduced embryonic viability and a Him phenotype accompanied by an increase of DAPI-positive bodies at diakinesis (Table S1 ). Seventeen and a half percent of diakinesis nuclei display more than six DAPI signals, ranging from seven to 12 (n = 120 diakinesis).
Hermaphrodites expressing transgenic SUN-1(S12A,S16A):: GFP display defects in meiotic prophase I entailing univalent formation, described in detail below (Figure 7 and Table S1 ). The single S16A substitution line, however, did not display a cytologically detectable meiotic phenotype ( Figure S7A and data not shown). Consistently, six signals at diakinesis (n = 101 diakinesis of 30 hermaphrodites; inset in Figure S6A) were seen. Therefore, we concluded that the meiotic prophase I phenotype seen in SUN-1(S12A,S16A) represents the loss of Ser12Pi.
In SUN-1(S12A,S16A)::GFP, an average of 11.7 DAPI signals (SD = 0.6; n = 22 diakinesis, ten gonads) were counted at diakinesis, documenting failed bivalent formation. Consistently, RAD-51 is present longer (from the mid-TZ until diplotene) and in greater numbers as compared to wild-type transgenes (Figure 7A) , indicating a defect in DSB repair. SUN-1(S12A,S16A):: GFP aggregates are formed upon entry into meiosis, and they colocalize with the PC-binding protein HIM-8 ( Figure 7A and data not shown). However, fewer large aggregates (patches) can be detected ( Figures 7A and S7C) , correlating with the lack of pronounced chromatin clustering. Despite HIM-8 localization at aggregates, X chromosome pairing is defective (Figure 7B) . However, the SC central component SYP-1 is timely and extensively loaded in the mutant worms ( Figure 7C ), suggesting the presence of nonhomologous synapsis.
Nonhomologous synapsis is also observed in the movementdefective SUN-domain mutated jf18 allele caused by the loss of ZYG-12 from the outer NE. Immunostaining for ZYG-12 in SUN-1 (S12A,S16A)::GFP-expressing lines showed that ZYG-12 is retained at the outer NE ( Figure S7B ). This is consistent with time-lapse analysis of movement competent SUN-1(S12A,S16A):: GFP aggregates (see Movies S6 and S7).
To address how this substitution elicits nonhomologous synapsis, we analyzed the size distribution of the SUN-1 aggregates. A reduced number of patches can be seen in the mutant line in comparison to the wild-type SUN-1 and SUN-1(S16A) ( Figure S7C) . Importantly, the size of single chromosome SUN-1(S12A,S16A)::GFP attachment foci is comparable to the wild-type. Despite the lack of transgenic lines with Ser to Ala exchanges for all the phospho-target sites, the SUN-1 (S12A,S16A)::GFP-expressing transgenic line suggests that the modification is required for proper homolog pairing. The reduction of large SUN-1 patches proposes a defect in the homology check.
DISCUSSION The Induction of SUN-1 Aggregates in Early Meiosis
Our data reveal a strong correlation between SUN-1 aggregate formation and PC protein binding to one chromosome end. The foci and patches of SUN-1 form upon entry into the TZ, concomitantly with the attachment of PC-containing chromosome ends at the NE. PC-binding proteins colocalize with SUN-1 aggregates and ZIM-1 and ZIM-3 could be coprecipitated with SUN-1 (see the model in Figure 7 ; data not shown). While the autosome-associated ZIM-proteins are detectable in the TZ up to early pachytene, HIM-8, the PC-binding protein of the X chromosome, is present until later stages of meiotic prophase, where it colocalizes with the only persisting SUN-1 aggregate.
In chromosome axis mutants, such as HIM-3 and HTP-1, SUN-1 aggregates are strongly reduced. Moreover, in aged him-19(jf6) hermaphrodite gonads, the restoration of SUN-1 aggregates by artificially induced DSBs correlates with the reassociation of ZIM-3 with the chromosomes. Full chromosomal association of PC-binding proteins, except for HIM-8, depends on CHK-2 activity (Phillips and Dernburg, 2006) , whereas in chk-2(me64) SUN-1 aggregates are completely absent. These observations could be explained by a model in which PC-binding proteins, perhaps in a phosphorylated form, are involved in the induction of SUN-1 aggregates at the beginning of the TZ. The aggregates are induced as soon as chk-2-dependent modified PC-binding proteins associate with chromosome ends and attach to the inner NE (Figure 7) . Consistently, Sato et al. (2009) show that in the him-8 missense allele me4 (S85F), HIM-8 still localizes to chromosome ends and the NE, but colocalizing SUN-1 aggregates cannot be detected. S85 might be a potential CHK-2 target site.
Alternatively, the chk-2-dependent phosphorylation of SUN-1 indirectly influences the recruitment of the ZIM proteins to chromosomal ends. Deciphering the regulatory mechanisms leading to CHK-2 activation is a challenge for future studies.
The Function of SUN-1 Aggregates
The local enrichment of the SUN-1/ZYG-12 NE bridge provides a powerful connective interface for mechanically stable attachment of chromosome ends to the nuclear periphery. Small SUN-1 foci appear earlier and mature into larger SUN-1 patches as nuclei progress through the TZ and into pachytene.
Several lines of evidence suggest that SUN-1 foci with a diameter <1.1 mm are the primary aggregates formed upon attachment of chromosome ends to the NE, while larger aggregates or patches constitute sites where different chromosome ends coalesce to assess homology and initiate synapsis. First, the SUN-1(G311V)::GFP line only forms movement impaired foci. Second, SUN-1 patches could only be observed in nuclei with clustered chromatin (an indicator of chromosome movement). Third, large aggregates could only be observed in nuclei where the clustering of chromatin is restored concomitantly with movement. Finally, in mutants deficient for homologous alignment or synapsis, only a few patches but an increased number of SUN-1 foci could be seen. If the homologous partner is not available, as in htp-1, chromosome ends remain mobile and patches would be broken into smaller foci (Figure 7) . The presence of an increased number of SUN-1 foci would, therefore, be consistent with an ongoing homology search, where chromosomes move randomly over one hemisphere of the nucleus, meet, and coalesce. Chromosome movement not only assists in the homology search process as a ''mixing force,'' but additionally acts as a ''repelling force,'' preventing nonhomologous synapsis. Interestingly, the special allele me42 of the SC component SYP-3 results in a C-terminal truncation and leads to a premature exit from the TZ. syp-3(me42) is synapsis defective and appears to employ an alternative meiotic repair pathway (Smolikov et al., 2007a (Smolikov et al., , 2007b . This suggests that a specific synapsis and/or recombination intermediate activates the phosphatase to act on SUN-1. We hypothesize that chromosomes continue to move as a united parental chromosomal pairs once synapsed followed by the concerted resolution of aggregates mediated by the so far unknown phosphatase. This is supported by the fact that the average number of four patches remains constant throughout the TZ.
Phosphorylation of the SUN-1 N Terminus and Functional Implications Six N-terminally located serines and one serine or threonine are phosphorylated in germline-expressed SUN-1. Our cytological analysis of phosphorylations has revealed a cell cycle-specific phosphorylation in mitosis, peaking toward anaphase, and a meiotic phosphorylation pattern overlapping with the time window of homologous pairing and reappearing later on in diakinesis nuclei.
In meiotic prophase I, phosphorylated serines of SUN-1 overlap with clustered chromatin and the presence of SUN-1 aggregates in the TZ. As nuclei enter early pachytene, S8-Pi staining becomes progressively weaker, eventually disappearing concomitantly with homogenous redispersion of the chromatin throughout the nucleus. This suggests that S8-Pi is first dephosphorylated in SUN-1 aggregates and that the dephosphorylated protein redistributes throughout the NE, resulting in gradually weaker signals as nuclei progress through meiotic prophase I.
In meiosis, the phosphorylation might influence the binding affinity of chromatin-binding proteins or the nuclear lamina to the NE. We found that in an unphosphorylatable SUN-1 mutant chromosomes nonhomologously synapse despite retaining aggregate mobility. The phosphorylation of SUN-1 could promote the interaction to the PC proteins directly or indirectly (PC proteins can be found in a SUN-1 protein complex by mass spectrometry analysis, data not shown). The PC proteins were proposed to have a prominent role in licensing synapsis (Sato et al., 2009) . The weakening of this connection could account for the reduced amount of large SUN-1 patches representing the ongoing homology check. We therefore conclude that the phosphorylation is required for the induction of functional chromosomal attachment plaques. Stable association of chromosome ends at the nuclear periphery is a prerequisite for pronounced chromosome movement. Furthermore, we hypothesize that the phosphorylations of the SUN-1 N terminus impact the mobility of chromosomal attachment plaques by influencing its capability to self-oligomerize or support the mobility of the protein within the inner nuclear membrane, while dephosphorylation of SUN-1 regulates the dissolution of aggregates.
Dramatic phenotypes were observed in the phosphomimic S12E mutation, suggesting that timely dephosphorylation of SUN-1 is required for aggregate dissociation and chromatin redistribution. Consistently, the TZ prolongation phenotype was also observed in S8E and S62E mutants. The data also suggest that the dephosphorylation is necessary for ongoing DSB repair. Possibly, the movement out from the TZ clustering allows for the polymerization of the SC central element along the length of the entire chromosome, a prerequisite for crossover formation. Also in yeast, chromosome movement influences recombinational repair by resolving chromosome entanglements, ectopic contacts, and/or restructuring chromosomes Wanat et al., 2008; Kosaka et al., 2008) .
The trigger for the induction of SUN-1 Ser8, 12, and 24 phosphorylation is less clear. We favor the idea that CHK-2 is directly involved in the phosphorylation of the SUN-1 N terminus. It is possible that CHK-2 recruited by PC-binding proteins phosphorylates the inner nuclear membrane protein, as soon as chromosome ends attach to the NE. The induction of DSBs is apparently involved in S8-Pi induction, as demonstrated by the restoration of the phosphorylation pattern upon irradiation of him-19(jf6) aged hermaphrodites. In C. elegans, full homolog pairing and synapsis are independent of SPO-11 (Dernburg et al., 1998) . Consistently, we found that the elimination of DSBs is not sufficient to prevent phosphorylation of SUN-1, arguing for redundant pathways that lead to CHK-2 activation to induce SUN-1 phosphorylation.
Concomitantly with chromosome recruitment of PC proteins, chromosomes are moved over the surface of the nucleus searching proper and repelling improper interactions (see also Sato et al., 2009 ). Our study strongly supports a model in which the modification of SUN-1, a core component of the movement apparatus, adds the temporal frame to the searching process.
(C) SYP-1 (green) and HTP-3 (red) assembly in wild-type (ii) and in mtf-1/sun-1(S12A,S16A)::gfp;mtf-1/sun-1(ok1282) (iv) pachytene regions. Gray, DAPI staining in wild-type (i) and in mtf-1/sun-1(S12A,S16A)::gfp;mtf-1/sun-1(ok1282) (iii). Scale bars represent 10 mm. Green ellipses, SUN-1. For simplicity, only the inner nuclear membrane (INM) with associated proteins is drawn. Upon entry into meiosis, PC-binding proteins (blue and orange ellipses), most likely CHK-2-dependent phosphorylated (small red circles), associate with the respective chromosome ends. PC-containing chromosome ends attach to SUN-1 at the NE. The N terminus of Matefin/SUN-1 is phosphorylated (Ser8 and Ser12 are marked) in a CHK-2-dependent manner activated by DSBs or a so far unknown trigger. SUN-1/ZYG-12 (violet ellipses in D) form aggregates at chromosomal attachment sites to establish a proteinaceous bridge across the NE. Chromosome ends are, thereby, connected through motors (brick in D) to the cytoskeleton (dark pink bars in D) to provide a link between the motile forces in the cytoplasm and chromosome ends in the nuclear interior. When chromosome ends meet, small SUN-1 aggregates coalesce to form larger patches that likely represent sites of ongoing homology check. If the homologous partner is not available, chromosome ends are moved further. As homology is successfully assessed, the SC (magenta lines and circles) polymerizes. Autosomal PC-binding proteins are lost from chromosome ends and the respective SUN-1 aggregates dissolve in early pachytene after dephosphorylation. HIM-8 remains bound to the X chromosome until mid-pachytene.
EXPERIMENTAL PROCEDURES Cytological Preparation of Gonads and Immunostaining
Hermaphrodite gonads were dissected and fixed as described in MartinezPerez and Villeneuve (2005) . For immunostaining, gonads were blocked in 3% BSA/13 PBS for 20 min. Antibodies were diluted in 13 PBS/0.01% sodium azide as follows: anti-SUN-1 (antibody against an N-terminal peptide, this study) 1:700, anti-SUN-1 (antibody against an N-terminal peptide, Fridkin et al. [2004] ) 1:700, anti-SUN-1 Ser8-Pi (this study) 1:700, anti-GFP (Roche Diagnostics, #11814460001) 1:300, anti-HIM-8 1:500, anti-ZIM-3 (this study) 1:100, anti-RAD-51 (Alpi et al., 2003) Fluorescence In Situ Hybridization 5S ribosomal DNA (rDNA) was used as a probe for the right arm of chromosome V. 5S rDNA was labeled by PCR with digoxigenin-11-dUTP (Pasierbek et al., 2001) . Digoxigenin-labeled probes were detected with FITC-conjugated anti-digoxigenin antibodies (1:100).
Microscopy and Evaluation
Evaluation of cytological phenotypes was performed in animals kept at 20 C, 18-24 hr after L4. A Zeiss Axioskop epifluorescence microscope was used in combination with a cooled CCD camera (Photometrics, Tucson, AZ). 3D stacks of images were taken (MetaVue software, Universal Imaging, Downingtown, PA), deconvolved (AutoDeblur software, AutoQuant Imaging, Troy, NY) and projected (Helicon Focus software, http://helicon.com.ua/heliconfocus/). Artificial coloring and merging were done with Adobe Photoshop 7.0 (Adobe Systems).
Live Imaging of SUN-1::GFP Constructs Worms were mounted in 10 mM levamisol in M9 buffer on 2% agarose, covered with a coverslip, and sealed with melted Vaseline. Images were acquired at room temperature every 5 s for 15 min as stacks of optical sections with 1 mm intervals with a Deltavision deconvolution microscopy system (Applied Precision, Issaquah, WA). The following conditions were used: FITC fluorescence filter, 10% ND, bin 1 3 1, exposure time 200 ms, objective 603 (CoolSNAP HQ digital camera from photometrics). Maximum-intensity projections with Softworx software (Applied Precision) were created and the collection of files saved as stack files with Metamorph Offline (Molecular Devices, Downingtown, PA). Nonspecific signals of the stack pictures were removed with Autoquant X2 (AutoQuant Imaging), and the slices realigned with the first slice used as a reference. With Metamorph Offline, the position of the dots was followed manually. The position of the dots was plotted with Gnuplot software (http://www.gnuplot.info/).
Aggregate movements were recorded with a Deltavision microscope scanning through the gonad every 5 s. After projection, the image sequences were saved as movies (Quicktime) with a rate of six frames per second. Therefore, aggregates move 30 times faster than in real time.
Irradiation Assay
Hermaphrodites were exposed to 5000 rads of g-radiation from a 137 Cs source. Cytological analysis was performed 120 min after irradiation.
Immunoprecipitation and Silver Staining of SUN-1::GFP Worms were harvested in 13 homogenization buffer, frozen in liquid nitrogen, thawed on ice, and sonicated twice on ice (5-73 30 s bursts at an amplitude of 28%). Protein lysates were added to anti-GFP (Roche Diagnostics, #11814460001) coupled Dynabeads Pan Mouse IgG (Dynal Biotech, #110.41) and incubated overnight at 4 C.
Precipitated proteins were washed four times in 13 PBS and eluted at 60 C for 10 min in SDS-sample buffer. Samples were loaded onto SDS-PAGE gels (Bio-Rad Laboratories) and silver stained (Shevchenko et al., 1996) .
Mass Spectrometry Analysis
See the Supplemental Data.
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